Clinical Endocrinology. 2019;91:22-32. wileyonlinelibrary.com/journal/cen 1 | INTRODUC TI ON Arginine vasopressin (AVP) is the main regulating hormone of body fluid homeostasis. It is secreted from the posterior pituitary upon osmotic or nonosmotic stimuli, with the main osmotic stimulus being increased plasma osmolality and the main nonosmotic stimulus being hypovolaemia and promotes water reabsorption via V2 receptors in the kidney, thereby normalizing hypertonicity and vasomotor tone. Disorders of body fluid homeostasis are common and can be divided into hyper-and hypoosmolar circumstances: the classical
hyperosmolar disorder (deficiency of body fluid relative to body solute 1 ) is diabetes insipidus, while the most common hypoosmolar disorder (excess of body fluid relative to body solute) is the syndrome of inappropriate antidiuresis (SIAD).
Diabetes insipidus belongs to the polyuria-polydipsia syndrome
and is characterized by a high urinary output of more than 50 ml per kg body weight per 24 hours, accompanied by polydipsia of more than 3 L a day. 2 After exclusion of osmotic diuresis (such as hyperglycaemia), the differential diagnosis of polyuria-polydipsia syndrome includes impaired AVP synthesis (central diabetes insipidus) or action (nephrogenic diabetes insipidus) as well as primary polydipsia.
Syndrome of inappropriate antidiuresis is the predominant cause of hyponatraemia 3, 4 and is characterized by reduced free water excretion and secondary natriuresis, 5 mostly due to an imbalanced secretion of the antidiuretic hormone AVP. 6, 7 Arginine vasopressin measurement could theoretically help in the guidance of diagnosis and treatment of body fluid disorders. However, AVP is difficult to measure and unreliable, mainly due to complex preanalytical requirements. 8 Copeptin is the C-terminal segment of the AVP precursor peptide and mirrors AVP concentrations. 9 It can easily be measured providing a reliable surrogate marker for AVP.
This review focuses on copeptin and its role in the diagnosis and differential diagnosis of diabetes insipidus and SIAD.
| COPEP TIN
Copeptin was detected in 1972 in the posterior pituitary of pigs. 10, 11 Copeptin derives from the precursor protein pre-provasopressin together with AVP and neurophysin II. It is a 39-amino acid-long glycosylated peptide with a leucine-rich core region. 11, 12 Its molecular mass is around 5 kDa ( Figure 1 ). 13 While AVP has been characterized as the main hormone for the regulation of the body fluid homeostasis and vascular tonus as well as an endocrine stress hormone, 14, 15 the physiological function of copeptin is largely unknown. Its proposed role as a prolactin-releasing factor could not be confirmed. 16, 17 Another function could be the involvement of copeptin in the folding of the AVP precursor, as it seems to interact with the calnexin-calreticulin system in the endoplasmic reticulum. 18, 19 Accordingly, a possible relationship between certain forms of familial cranial diabetes insipidus and the inefficient folding of the AVP precursor in the absence of copeptin was proposed 20 ; however, further examinations are needed.
The elimination pathway of copeptin has not been clarified yet; a renal clearance was suggested as studies from patients with impaired kidney function showed an inverse correlation of plasma copeptin levels with the glomerular filtration rate. 21 Another study evaluating serial measurements of copeptin and AVP during osmotic stimulation, as well as after osmotic suppression in healthy volunteers, showed a two times longer decay kinetic of copeptin compared with AVP (26 minutes vs 12 minutes). 22 
| Copeptin as reliable surrogate marker of AVP
Today, the main use of copeptin is its role as stable surrogate marker for AVP concentrations in humans. 13 A prospective trial with 91 healthy volunteers undergoing a standardized test protocol with osmotic stimulation via hypertonic saline infusion and following osmotic suppression with oral and intravenous water load 23 showed a strong correlation between plasma AVP (when measured with a well-established radio-immunoassay) and copeptin levels with a correlation index of r = 0.83. 22 Notably, the correlation with plasma osmolality was stronger for copeptin than for AVP. 9 (Figure 2A ,B).
| Stimuli of copeptin release
The main stimuli for copeptin are similar to AVP, that is the main osmotic stimulus being an increase in osmolality and the main nonosmotic stimulus being a decrease in arterial blood volume and pressure. 9, 24 The osmotic trigger of copeptin secretion was first shown in a study with 24 healthy adults, whereby fluid deprivation and hypertonic saline infusion lead to a significant increase in plasma copeptin levels (4.6 ± 1.7 to 9.2 ± 5.2 pmol/L and 4.9 ± 3.0 to 19.9 ± 4.8 pmol/L respectively, P < 0.0001). 24 Conversely, hypotonic saline infusion leads to a prompt suppression of plasma copeptin levels in the same volunteers, 24 as did oral water load in a similar study with 20 healthy volunteers 9 (6.2 ± 2.4 to 2.4 ± 2.1 pmol/L [P < 0.01], and 3.3-2.0 pmol/L respectively).
The prompt response of copeptin secretion upon the nonosmotic stimulus of volume depletion was shown in a baboon model of experimental haemorrhagic shock, 25 where plasma copeptin concentration rapidly increased from median levels of 7.5-269 pmol/L, with a subsequent decline to 27 pmol/L after reperfusion. The much higher increase in copeptin upon hypovolaemic shock highlights the F I G U R E 1 Structure of Copeptin. Structure of preprovasopressin. The prohormone is packaged into neurosecretory granules of magnocellular neurons. During axonal transport of the granules from the hypothalamus to the posterior pituitary, enzymatic cleavage of the prohormone generates the final products: AVP, neurophysin and the COOH-terminal glycoprotein copeptin [Colour figure can be viewed at wileyonlinelibrary.com] significant difference between the magnitude of osmotic and nonosmotic AVP and copeptin secretion.
In addition to osmotic and arterial pressure, somatic stress as seen in all states of serious illness is also a major determinant of copeptin regulation. In fact, several observational studies confirmed the predictive character of plasma copeptin as an unspecific stress marker in various states of acute diseases, including ischaemic stroke, myocardial infarction and lower respiratory tract infections with copeptin levels up to 100 pmol/L in severely ill patients. [26] [27] [28] This stress-related increase in copeptin again shows the higher magnitude in increase compared to the "classical" osmotic stimulus.
Compared to somatic stress, the influence of psychological stress on copeptin release is rather limited, though existent, as shown by recent studies in medical students tested before and after a written examination (decrease from 3.1 pmol/L before the examination to 2.3 pmol/L after the examination, P < 0.001) and upon a psychological stress test (increase in copeptin from 3.7 to 5.1 pmol/L, P = 0.002). 29, 30 Increased levels of plasma copeptin were also reported in response to physical exercise, but levels did not exceed the 99th percentile of the normal range. 31, 32 Together, these findings emphasize the importance of avoiding emotional or physical stress levels before taking blood samples for copeptin analysis.
| Physiological range of copeptin
The normal range of plasma copeptin levels has been established in two large clinical trials evaluating healthy volunteers under normoosmotic conditions. In the first study including 359 subjects, plasma copeptin levels ranged from 1.0 to 13.8 pmol/L with a median concentration of 4.2 pmol/L. 13 The second evaluation with over 700 randomly selected volunteers reported comparable results with plasma copeptin levels ranging from 1.0 to 13.0 pmol/L. 33 Both trials reported higher median plasma copeptin levels in men than in women, whereas no correlation with age was shown. 13, 33 The difference in gender is poorly understood. In an observational study in female volunteers, copeptin levels did not significantly change during the menstrual cycle. However, throughout the menstrual cycle, changes in estradiol were positively related to copeptin, whereas changes in other sex hormones, in markers of subclinical inflammation or in bio impedance analysis-estimated body fluid were not. 34 Interestingly, the gender differences are lost upon hypertonic saline infusion. 23 While copeptin levels show no significant variation in response to circadian rhythm 35, 36 or digestion, levels significantly decreased from 4.9 to 3.2 pmol/L after oral fluid intake of as little as 200-300 mL, 37 which has to be considered for interpretation of values in clinical practice.
| Measurement of copeptin
In contrast to AVP, copeptin can be measured in clinical routine with commercially available assays with high-standard technical performance. The two main assays that are currently commercially available and are CE zertified are on one hand the original manual sandwich immunoluminometric assay (LIA) 13 and on the other hand the automated immunofluorescent successor (on the KRYPTOR platform). Correlation between with these two assays is very high.
Other commercially available copeptin assays are mostly ELISA assays which, however, do not have CE certification and are not approved for diagnostic purposes. Advantages of copeptin over F I G U R E 2 Correlation of copeptin with AVP and plasma osmolality. A, The correlation of copeptin with AVP during osmotic stimulation with hypertonic saline infusion (modified from Rref. 23 ). Linear regression (solid line) with slope b and coefficient of determination R 2 , the smoothing line (dashed line) and Spearman's rank correlation coefficient rS are shown. B, The correlation of plasma copeptin and AVP concentrations as a scatter plot ranging from hypoosmolality (induced by water load) to hyperosmolality (induced by hypertonic saline infusion) (modified from Ref. 9 ). rS denotes Spearman's rank correlation coefficients AVP measurement are that only a small sample volume (50 μL of serum or plasma) is required, no extraction step or other pre-analytical procedures are needed and that results are usually available in 0.5-2.5 hours. Copeptin is very stable in plasma or serum ex vivo with <20% loss of recovery for at least 7 days at room temperature and for 14 days at 4°C, which makes the handling of blood samples less complicated. 20, 43 The most challenging form of central diabetes insipidus involves an impairment of the thirst perception and consecutive hypodipsia, which can result in severe hypernatremia. 38, 44 Nephrogenic diabetes insipidus results from a lack of aquaporin 2 (AQP2)-mediated water reabsorption in the collecting duct. This is either a consequence of gene mutations in the key proteins vasopressin V2 receptor or AQP2, is secondarily triggered by electrolyte disorders or is induced by certain drugs especially lithium. 41 The pathomechanism of primary polydipsia, which is characterized by excessive fluid intake, is less clear. An analysis of 23 patients with profound hyponatraemia due to primary polydipsia revealed an increased prevalence for psychiatric diagnoses such as dependency disorders (43%) and depression (35%). 45 Another prospective study with 156 patients with polyuria-polydipsia syndrome however showed a similar rate (around 30%) of psychiatric disorders in patients with primary polydipsia and patients with central diabetes insipidus. 46 As chronic excessive fluid intake in patients with primary polydipsia leads to a down-regulation of the AQP2 channels in the kidneys, the renal medullary concentration gradient is reduced, making any diagnostic evaluation of the urine osmolality and urinary output difficult. 47 Differentiation between the three mentioned entities is important since treatment strategies vary and application of the wrong treatment can be dangerous. 48 However, reliable differentiation is often difficult to achieve, 49 especially in patients with primary polydipsia or partial forms of diabetes insipidus. 2,50
| THE ROLE OF COPEP TIN IN THE D IFFERENTIAL D IAG NOS IS OF D IAB E TE S INS IPIDUS

| Polyuria-polydipsia syndrome
| Indirect water deprivation test
For decades, the standard diagnostic test for the evaluation of polyuria-polydipsia syndrome was the indirect water deprivation test. 40 Hereby, patients are required to stop any fluid intake from midnight onwards. During the water deprivation period, urinary excretion and urine osmolality as well as plasma sodium and osmolality are measured regularly. Fluid deprivation is continued for a maximum of 17 hours or until a plasma sodium concentration ≥150 mmol/L has been reached or until the patient has lost 3%-5% of his initial thirsting. An increase in the urinary osmolality of >9% after AVP administration further differentiates patients with partial central diabetes insipidus from patients with primary polydipsia. However, the proposed cut-off levels were post hoc derived on a small patient cohort, showed a wide overlap in urinary osmolalities and were never prospectively validated. 40 
| Direct AVP measurements
Consequently, a recent evaluation of 156 patients with polyuriapolydipsia syndrome 46 pointed out the problems with this diagnostic test, by reaching a diagnostic accuracy (the percentage of correctly diagnosed patients) of only 77% (sensitivity 86%, specificity 70%).
Already in 1981, Zerbe et al 51 described a different approach including measurement of plasma AVP upon osmotic stimulation into the diagnostic evaluation (thus called the direct measurement method). In their work, AVP levels were evaluated in relation to the area of normality describing the physiological relationship between AVP release and plasma osmolality. Plasma AVP levels above the area of normality were defined as nephrogenic diabetes insipidus, levels below as central diabetes insipidus and levels in the normal range were defined as primary polydipsia. 43, 51 Although the study showed that direct measurement of plasma AVP substantially improved the diagnostic accuracy, it failed to be adopted in clinical practice mainly due to the above-mentioned inherent assay problems. 2,52
| Direct copeptin measurements
With the development of the copeptin assay, 9, 13, 53 interest in the direct measurement arose again. In a first study, Fenske et al aimed to increase the diagnostic accuracy of the water deprivation test by combining it with copeptin measurements. 50 
| Hypertonic saline-stimulated copeptin measurements
The osmotically stimulated copeptin cut-off level was recently validated in an international multicenter trial including 156 patients with diabetes insipidus or primary polydipsia. 46 In contrast to the studies described above, the test protocol was simplified in using only the 3% saline infusion test without prior thirsting. Hypertonic saline was initially given as a bolus dose of 250 mL over 10-15 minutes, followed by a slower infusion rate of 0.15 mL/kg/min. Plasma sodium and osmolality were measured every 30 minutes, and the infusion was terminated once the plasma sodium was ≥150 mmol/L. At this point, copeptin was measured and the patient was asked to drink water at 30 mL/kg within 30 minutes followed by an intravenous infusion of 5% glucose at 500 mL/h for 1 hour. Plasma sodium was once more measured after completing the 5% glucose infusion to ensure its return to normal values. The diagnostic accuracy of the 3% saline infusion stimulated copeptin measurements was compared to the indirect water deprivation test according to the protocol of Miller et al. 40 Further end-points included the evaluation of copeptin measurements during the water deprivation test.
Hypertonic saline infusion lead to a correct diagnosis in 97%
(95% CI: 92, 99) of the patients using the copeptin cut-off level of >4.9 pmol/L (Figure 3) , which was clearly superior to the diagnostic accuracy of the indirect water deprivation test of 77% (95%CI: 69, 83; P < 0.001). The diagnostic accuracy of hypertonic saline-stimulated copeptin was similarly accurate in distinguishing patients with partial diabetes insipidus from patients with primary polydipsia with a correct diagnosis in 95%, compared to 73% with the water deprivation test.
Contrary to the study of Fenske described above, the proposed copeptin-sodium ratio did not improve diagnostic accuracy of the water deprivation test, 50 resulting in a diagnostic accuracy of only 44%. 46 The proposed copeptin cut-off level of <2.6 pmol/L after an overnight water deprivation test to diagnose complete central diabetes insipidus had a diagnostic accuracy of 78%. The fact that the determination of copeptin after water deprivation alone does not lead to an improved diagnostic accuracy is most likely due to the inadequate osmotic stimulation. Indeed, most patients in the study did not reach hyperosmotic plasma sodium levels during the classical water deprivation test.
Accordingly, osmotic stimulation by hypertonic saline solution is
needed to obtain reliable copeptin measurements. It is however important to note that hypertonic saline infusion requires close monitoring of sodium levels to ensure increase in plasma sodium levels into the hyperosmotic range 22, 39 while preventing osmotic overstimulation. 46 It might therefore be prudent for clinical practice to aim F I G U R E 3 Stimulated copeptin levels in response to the hypertonic saline infusion and water deprivation test in patients with polyuria-polydipsia syndrome. Shown are stimulated copeptin levels in response to the hypertonic saline infusion test (HIS) and water deprivation test (WDT) in patients with polyuria-polydipsia syndrome that was caused by complete central diabetes insipidus (DI) or partial central diabetes insipidus as compared with primary polydipsia. The horizontal line in each box represents the median, the lower and upper boundaries of the boxes the interquartile range, the ends of the whisker lines the minimum and maximum values within 1.5 times the interquartile range, and the dots outliers (modified from Ref. 46 ) CopepƟn 4.9 pmol/L at a plasma sodium level >147 mmol/L instead of 150 mmol/L. Also, rapid normalization of sodium levels after the osmotic stimulation is crucial to guarantee the safety of the test. 46 Based on these results, the hypertonic saline test plus copeptin measurement might now replace the indirect water deprivation test in the differential diagnosis of polyuria-polydipsia syndrome 55 ; the recommended new diagnostic workflow algorithm is displayed in 
| Prediction of postoperative diabetes insipidus
Another role of copeptin is its use as a prognostic marker for the development of diabetes insipidus after pituitary surgery. A first proof-of-concept study in 2007 used the classical insulin tolerance test and showed that copeptin measured during hypoglycaemia is a useful measure to identify patients with complete central diabetes insipidus at 3 months after transsphenoidal pituitary surgery. 56 In this study, copeptin levels of patients with intact posterior pituitary showed a maximal increase to 11.1 ± 4.6 pmol/L, while copeptin In conclusion, copeptin is a valuable and reliable diagnostic marker in the differential diagnosis of polyuria-polydipsia syndrome.
In a patient with unclear polyuria-polydipsia syndrome, determination of basal copeptin levels is recommended to exclude nephrogenic diabetes insipidus. In patients with high suspicion of complete central diabetes insipidus, an overnight water deprivation test might confirm diagnosis provided urine osmolality remains below 300 mosm/kg and plasma sodium levels increase above 147 mmol/L. In all other patients, copeptin measurement after osmotic stimulation with 3% saline solution aiming at a plasma sodium level above 147 mmol/L is recommended (see diagnostic work flow in Figure 4 ).
The determination of copeptin on the first postoperative day after pituitary surgery is useful to predict the development of central diabetes insipidus.
| THE ROLE OF COPEP TIN IN THE D IAG NOS IS OF S IAD
| Differential diagnosis of hyponatraemia
Hyponatraemia is defined as a plasma sodium level of <135 mmol/L and characterized by a relative excess of body water compared to total body sodium. 3 Although often neglected in clinical practice, hyponatraemia is an important condition as it is present in up to 30% of hospitalized patients 4, 58 and linked to increased morbidity, mortality and length of hospital stay. [59] [60] [61] Hyponatraemia is associated F I G U R E 4 New copeptin-based diagnostic workflow for the differential diagnosis of polyuria-polydipsia syndrome [Colour figure can be viewed at wileyonlinelibrary.com] with a variety of underlying disorders and may be categorized according to extracellular fluid volume into hypervolemic (eg, heart failure, liver cirrhosis, nephrotic syndrome), hypovolaemic and euvolemic hyponatraemia with SIAD as the most common cause. 62, 63 Main diagnostic criteria for SIAD include plasma osmolality <275 mOsm/ kg, urine osmolality >100 mOsm/kg and urine sodium concentration >30 mmol/L, euvolemia and absence of adrenal, thyroid or renal insufficiency. 62 Hyponatraemia may further be triggered by diuretic use, primary polydipsia or endocrine conditions (adrenal insufficiency, hypothyroidism). Discrimination between these pathophysiological categories is crucial as management differs considerably (eg, fluid restriction in SIAD vs intravenous fluid in hypovolaemia), and delayed treatment may lead to devastating consequences such as brain oedema, seizures and coma/death. 64 Unfortunately, the diagnostic approach to hyponatraemia is complex and time-consuming; clinical signs and symptoms are variable and unspecific and fluid status is difficult to assess. 65, 66 According to current hyponatraemia Clinical Practice Guidelines, 62 laboratory measurements such as urine osmolality and urine sodium as well as the calculation of fractional uric acid excretion are proposed; however, in many cases accurate classification into pathophysiological categories remains cumbersome.
| Copeptin in hyponatraemia and SIAD
From a pathophysiological point of view, the assessment of AVP or copeptin in hyponatraemia seems promising as most hyponatraemia forms are AVP-dependent. Copeptin has, therefore, been proposed and evaluated as a readily available and stable diagnostic marker. [67] [68] [69] Results from a study involving 106 patients showed no diagnostic utility of copeptin in the differentiation of hyponatraemia, but the ratio of copeptin to urinary sodium helped to discriminate between SIAD and conditions with decreased effective arterial blood volume and, therefore, haemodynamically stimulated AVP release (sensitivity 85%, specificity 87%). 68 According to the largest prospective observational study with copeptin measurements in 298 hypoosmolar hyponatraemic patients at hospital admission, clearly elevated copeptin levels as high as >84 pmol/L indicated hypovolaemic hyponatraemia (specificity 90%, sensitivity 23%), whereas low levels <3.9 pmol/L pointed to primary polydipsia (specificity 91%, sensitivity, 58%). 69 However, apart from the specificity of highest and lowest values, copeptin measurements were not helpful to differentiate between SIAD and other main causes of hyponatraemia, such as hypovolaemic and hypervolemic or diuretic-induced hyponatraemia.
Indeed, copeptin levels overlapped widely between those categories and showed also a vast variability within single categories, especially in SIAD ( Figure 5 ).
| Osmolatory defects in SIAD
Syndrome of inappropriate antidiuresis is generally characterized by water retention and secondary natriuresis, but its pathophysiology is complex and poorly understood. 5 SIAD may arise from a variety of conditions, for example infections, central nervous system disorders, drugs, pain or stress and to an important number also by cancers. 70 F I G U R E 5 Plasma copeptin levels in different aetiologies of hyponatraemia (modified from Ref. 69 78 Of note, irrespective of SIAD, copeptin is known to be elevated due to stress and acute conditions such a pneumonia, 79 stroke 26 or heart failure. 80 The nonosmotic stress-related copeptin stimulus in acute hospitalized hyponatraemic patients may, therefore, confound the osmotic or paraneoplastic impulse. 81,82
| Nephrogenic syndrome of inappropriate antidiuresis
Finally, the forth osmoregulatory SIAD subtype ("subtype D") 72,73characterized by low or undetectable AVP/copeptin values-may be linked to the nephrogenic syndrome of inappropriate antidiuresis, 83 although in the study of Fenske et al no gene alteration could be found in the respective patients. This rare syndrome is caused by x-linked recessive gain of function variants in the AVPR2 gene, which encodes the vasopressin V2 receptor 84 or as recently suggested also by a mutation in the GNAS gene. 85 In affected male and female patients, the continuous activation of the vasopressin receptor leads to AVP-independent antidiureses. Consecutively, AVP/copeptin levels are low or suppressed in these patients. [85] [86] [87] Management of this disorder includes fluid restriction and avoidance of potential episodes of fluid overload.
| CON CLUS IONS
In conclusion, copeptin is a reliable surrogate parameter of AVP.
In contrast to AVP, it is stable and can be measured easily with a F I G U R E 6 Plasma copeptin levels in different subtypes of SIAD (modified from Ref. 73 Hyponatraemic patients presenting with undetectable copeptin levels and low free water clearance should be investigated for nephrogenic syndrome of inappropriate antidiuresis.
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